A free-space transmission method has been used for reliable shielding effectiveness measurement of the easily available textile materials. Textiles with three different yarn densities were studied for their shielding effectiveness with the help of a vector network analyzer and laboratory calibrated two X-band horn antennas. The expressions of uncertainty estimation have been derived in accordance with the present free-space measurement setup for the calculated SE values. The measurements have shown that an electromagnetic energy can be maximum shielded up to 16.24 dB with measurement uncertainty less than 0.21 dB in 8.2 to 12.4 GHz range by a 160.85 μm textile. Thus, a thin textile with a high density can have higher shielding and this property mainly depends on its intrinsic structure, frequency range and thickness. This study promises the potential applications of such materials as a very cost effective shielding material at microwave frequencies with some modifications.
Introduction
Due to wider applications of electrical and electronic equipments almost everywhere, there is a presence of electromagnetic energy in different strengths. This energy travels in a unified transmission medium or as a radiant and exposed to the other equipments or person in its environs. So in general, an electromagnetic interference (EMI) is the disruption of operation of an electronic device, when it is in the vicinity of an electromagnetic field caused by another electronic device. The origins of EMI are electrical, with the unwanted emissions being either conducted (voltages or currents) or radiated (electric or magnetic fields) [1, 2] . EMI problems can be reduced at some extent by operating all equipments with a good electrical grounding system. In addition, all cords and cables connecting the peripherals in an electronic system should be shielded from any effects from each other to keep unwanted EM energy from entering or leaving. Biological studies have shown that such EM energy is harmful to a human being depending on the amount of exposure [3, 4] .
Correspondence: patelsm@mail.nplindia.org So, it becomes necessary for mankind to develop and use the shielding materials in the dense EM environment.
A shielding effectiveness (SE) is used to analyze the shielding properties of materials (also known as shields). The SE is defined as the ratio between the field strength, at a given distance from the source, without the shield interposed and the field strength with the shield interposed [5] . For SE applications, materials with electromagnetic screening capabilities are generally used to attenuate the strength of electromagnetic fields in certain areas. A number of research groups have reported the development of cost effective new materials based on conducting polymers, composites and textiles for a number of reasons to use them as a shield [6] [7] [8] [9] [10] [11] . The main objective of such R&D is searching a material with high EM absorption, minimum reflection and simpler production process with easy adaptability for applications. Thus, instead of costly metallic shields, various types of textile materials with special ingredients for SE applications have explored at one end of research [12] . Such textile materials have the advantages of good mechanical properties, like flexibility and lightweight and well-established fabrication processes. Shielding effectiveness for a number of blends basically containing a variety of conductive polymers has been measured in the near-field region with a dual-chamber box and in the far-field with a transmission line fixture but these measurement techniques are complicated and also
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International Journal of Metrology and Quality Engineering the material used for screening are costly [5] . Far-field shielding efficiencies as high as 70 dB at 1 GHz has been obtained for polymer blends [13] . Today, a vector network analyzer (VNA) system has been extensively used for reliable and fast measurements of different material properties in coaxial and waveguide sample holders [14, 15] . The SE value of a material under test can be obtained by two port S-parameter measurement i.e. transmission measurement after a full two-port calibration of VNA at microwave frequencies. The difference in the transmission parameters with and without the material sample is termed as a desired SE (in dB) as:
where, S 21 dB is a transmission parameter without a shield and S 21 dB is the transmission parameter with shield. For commercialization of a new product, the specifications of the product should be well defined and verified against the standards of the measurement after production level. However, the reliability of the measurement result depends on the method used, environmental conditions, and accuracy of instruments. In addition to intensive research for new shielding materials, there is still an absence of generally accepted standardized methods for measuring the shielding effectiveness with consideration of ISO 17025:2005 and GUM documents [5, [16] [17] [18] . This paper contributes to formulate the standardized methods and establishing its link to the SI units for confidence in the measured values. The free-space measurements using the VNA system have verified by standard properties of Teflon and Plaster of Paris sheets [19] . The same facility has been used to characterize the textile samples to study its shielding properties and to explore its application as a possible SE material [20] . This paper presents an approach to estimate the uncertainty in SE measurement for textiles evolved from the establish measurement methods and its results are discussed in detail.
2 Shielding effectiveness of a textile material 2.1 SE evaluation using a free-space method
The uncertainty in measured S-parameter can be derived from the basic Friss formula for free-space transmission method. The power at the receiving antenna, P r is given by,
where P t is the transmitted power, G 1 and G 2 are the gains for antenna 1 and antenna 2, λ is the operating wavelength, R is the separation between two antennas, respectively.
Equation (2) can be modified in terms of the transmission parameter (S 21 ) measured by VNA system,
Knowing the measured values of the transmission parameter S 21 over the measurement range, the product of the gains of the antennas is given as:
Now taking 20 log 10 of the above equation (4), the S 2 21 will return to dB value due to the voltage ratio in comparison to G 1 and G 2 , which are the power ratios. So,
or,
The uncertainty in S 21 dB is depending on the uncertainty in each of the measured values and the amount of uncertainty that each measured parameter contributes to the uncertainty is S 21 . Thus, by using the law of propagation of uncertainty [18] ,
If a fabric or a sheet of thickness t is inserted between the antennas, equation (6) will be modified as,
where, σ t is an electrical conductivity, ε t is a relative permittivity and μ t is a relative permeability of textile material, ω is an angular frequency of the signal applied. The further description of the function f (σ t , ε t , μ t , t, ω) is left as their impact are being covered by the S 21 dB measurements in two conditions for SE evaluation and the associated measurement uncertainties instead of extracting dielectric and magnetic properties separately, which is available in details somewhere else [1, 5, 21] . However, uncertainty in measurable t for f will be accounted in uncertainty estimation for S 21 dB .
In a similar fashion as for equation (6) , the uncertainty in S 21 dB based on measurable quantities can be given by, Finally, from equations (1), (7) and (9), we can evaluate the uncertainty in SE values using the quadrature sum of the fractional uncertainties of each parameter. Therefore,
Evaluation of textile properties
Arbitrary textile materials made of cotton and polyester have been taken as samples namely I, II and III and the arrangement of a textile for measurements is shown in Figure 1 . These samples have the different properties and their structural details are given in Table 1 . The thickness of the samples has been measured using a calibrated screw gauge in temperature and humidity ranges of 23 ± 1 • C and 50 ± 10% RH. The weights of textiles were measured with Mass comparator AT 201 make Mettler Toledo to calculate the density.
A Van Der Pauw method is used for the electrical properties of textiles used as described in the previous contribution [22] . We took the textile samples of size 6 × 6 cm 2 and prepared four electrical contacts using the silver paste on the each corner of textile. The electrical conductivity and uniformity of individual contacts were checked and the samples were tightly fixed at the four locations outside the designated area for the measurements. The electrical measurements were performed using Electrometer 6517 and Delta-mode setup 6221/2182A of Keithley make. Table 2 summarizes the evaluated electrical properties of three textile samples. The same expressions and the similar symbols are used as in reference [22] to find an anisotropy ratio, R yy, /R xx, ratios of two square resistances corresponds to the weft (x) and warp (y) directions.
We have found that the sample III is more dense and least anisotropic compared to other samples. Although, these samples did not have much differences in their structural and electrical properties, their lower anisotropy ratio indicates that the resistivity in the x-direction is larger than in the y-direction.
SE measurements of textiles
The free space measurement set up using VNA Wiltron 37247B and two X-band horn antennas is shown in Figure 2 for SE measurements of 90 × 80 cm 2 size of textiles. The value of R is estimated using 2D 2 /λ, where D is the average diagonal dimension of two antennas used [19] . However, the wavelengths for the frequencies used in this paper is around 3 cm (corresponds to 10 GHz). The present set up was found very sensitive due to EM radiation and so, the various arrangements were made to achieve stable measurements, like least vibration on textiles due to air by proper fixing, no human interference in the measurement area, re-calibrations of the VNA, etc.
The VNA has been calibrated by Thru-Reflect-Line (TRL) calibration technique using the two horn antennas (Ant.1 and Ant.2) employing free space standards [21] . After taking many adjustments and precautions regarding antenna alignments and other radiation or interference effects, we have been able to get the S 21 less than 0.02 dB throughout X-band range after full port TRL calibration. After two-port calibration, the transmission parameters without any shield in between two antennas were recorded as set A. Then, the textile sample I has been placed in the center of the two antennas as shown in Figure 2 and transmission coefficients are again measured respectively and recorded as set B. The difference in the recorded transmission coefficients, set A and B, at each frequency point is the desired SE of the sample I using equation (1) . Later on, the measurements are performed for sample II and sample III respectively to evaluate SE values. The evaluated SE values of the three samples are given in Table 3 . Equations (7), (9) and (10) can be used to estimate the uncertainty in the evaluated SE values using free-space transmission method. To obtain the standard uncertainty in the measured S 21 due to repeatability, 10 readings have been taken and the Type A uncertainty (u a ) is calculated. The uncertainties due to calibration standards, the operating wavelength λ (or frequency) and residual properties of the VNA system have been combined to consider as an uncertainty component (u VNA ) due to VNA system [23] . The effects due to the antennas and adjacent environment on measured S 21 dB will be normalized by measurements in two conditions for SE evaluation. However, the uncertainties in the antenna gains will be taken into the consideration of uncertainty analysis, which also includes the uncertainties due to mismatch and any interference [20] . Thus, the uncertainty in SE values will depend on the separation between two antennas R, thickness of the textile t, antenna gains, and the VNA measurement system uncertainties. Equations (7) and (9) may further modify as equations (11) and (12), respectively to represent the measurement model [17] .
Based on this analysis, a traceability link to the national standards of measurements is presented in Figure 3 for the SE measurements of textiles. 
Results and discussions
An uncertainty budget is prepared for SE values using the measured S 21 dB and S 21 dB values based on equations (10), (11) and (12) and is given as a Table 4 for sample III. The term 'Uncertainty contribution' represents the uncertainty in each parameter or source and the individual contribution on measured S 21 . The uncertainties in SE values of other samples have been obtained at the different frequencies in X-band range according to Table 4 . The SE values of three samples have shown along with expanded uncertainties against frequency in Figure 4 .
Interestingly, the SE values of the samples have quite different responses in X-band even though made of the same kind of fabric. The least dense sample I produced SE in the range of 6-9 dB whereas comparatively more dense sample II and sample III have SE values in the range of 8-13 dB and 9-16.24 dB respectively. Also the sample II and sample III have shown similar patterns and SE values due to their similar characteristics, the difference may be observed due to thickness variation. However, the maximum SE value is found 16.24 ± 0.21 dB at 11 GHz for the sample III. Values at 8.2 GHz and 12 GHz are less reliable as calibration may not be accurate at the end frequencies compared to the center frequency by free-space standards. In overall, the higher SE values are found with thickest and least anisotropic material (sample III ) as the samples have about 5 μm differences in their thicknesses and square resistances. The presence of evaluated SE in these textiles is predicted mainly due to the reflection than the absorption and this phenomenon can be validated by the measurement of dielectric constant [5] . Variation in the dielectric constant and resonance behavior due to the relaxation time of the dipoles present in samples would have been the sources of the gradual changes in SE over the frequency range. As the textiles are heterogeneous mixture of fibre and air, highly dense textile has provided higher SE compared to the other textiles due to the dielectric resonance at 11 GHz [12] . In addition, this resonance may depend on the yarn density and thickness, as sample I has revealed opposite behavior than samples II and III in the measurement frequency range. Further study is required to verify this aspect; however, we have been able to show that these textile materials possess significant shielding efficiencies without any modification in their structure.
Conclusions
The present paper describes a simple laboratory established method for evaluating shielding properties of textiles, which is based on free space using VNA along with expressions for estimating uncertainties in SE values. It has been found that the SE values of textiles mainly depend on its intrinsic properties, frequency range and thickness. The results demonstrated that the textile material with high density would have higher SE and increases with thickness due to dielectric absorption. The uncertainty budget is presented for SE from combined uncertainties in two S 21 measurements and given to standardize the type of measurement and system with a scope of further modification. Thus, a simple textile material can be modified to design special apron like garments for applications under the area of electromagnetic exposures. In the practical examples like, while using microwave ovens or taking high power RF and microwave measurements, etc., an operator can easily wear the clothes made of such EM shielding fabric. Thus the present study has encouraged the development of new textile materials for EM energy shielding purpose and presented a valid measurement system to apply on different kind of fabrics for study. However, the other effects like, light intensity, colour, temperature and performance at other frequency bands are yet to study simultaneously on such textile for supporting their wide applications as a shielding. The future work will be to modify the existing materials in order to re-define their parameters and compare them with other materials for evaluating the effect of the implemented modifications. The improvements are also possible in the design of the weave and yarn density in order to have a uniform relaxation time and optimized inter-facial polarization suited to the frequency range of interest for such shielding textile.
